Cell -cell adhesions serve to mechanically couple cells, allowing for long-range transmission of forces across cells in development, disease, and homeostasis. Recent work has shown that such contacts also play a role in transducing mechanical cues into a wide variety of cellular behaviors important to tissue function. As such, understanding the mechanical regulation of cells through their adhesion molecules has become a point of intense focus. This review will highlight the existing and emerging technologies and models that allow for exploration of cadherin-based adhesions as sites of mechanotransduction.
INTRODUCTION
It is well established that mechanical forces generated by contractile activity within the actomyosin cytoskeleton of individual cells are critical not only for driving structural changes inside those cells, but also for propagating forces outside those cells to control tissue-level organization (Wozniak & Chen, 2009; DuFort et al., 2011) . Through the coupling of the contractile cytoskeleton to adhesion molecules at the cell surface, cellular forces can transmit long distances across multiple cells via cell -cell adhesion receptors, and to extracellular matrix (ECM) via integrins, to drive large-scale physical movements during morphogenetic events such as folding, twisting, and tissue compaction. In adult life such long-range forces are critical for functionality of muscles, blood vessels, and integument, among others. Several decades ago, with the advent of substrates to measure the traction forces that cells applied against their integrin-mediated cell-matrix adhesions, early efforts in mechanobiology primarily focused on defi ning mechanical characteristics of integrin-mediated binding. More recently, several studies have highlighted the importance of mechanical coupling across cell -cell adhesion receptors and the actin cytoskeleton for successful tissue development and morphogenesis (Rauzi et al., 2008 (Rauzi et al., , 2010 Martin et al., 2010; Sawyer et al., 2009; Maitre et al., 2012) .
Of the many cell -cell adhesion molecules coupled to the cytoskeleton, including desmosomes, claudins, and occludins, classical cadherins are perhaps the most important for dynamically regulating the transmission of forces between cells. Classical cadherins are Ca 2 ϩ -dependent transmembrane adhesion proteins that mediate the formation of adherens junctions (AJs) through homophilic binding of their extracellular domains, and are exemplifi ed by N (neural)-, E (epithelial)-and P (placental) cadherins. Cadherin-based AJs are not only critical for the formation of cell -cell contacts but also crucial for initiating and dynamically regulating the formation of other cell junctional complexes such as tight and gap junctions, and desmosomes (Gumbiner et al., 1988; Tunggal et al., 2005; Frenzel & Johnson, 1996; Lewis et al., 1994; Capaldo & Macara, 2007) . Cadherins have been shown to be linked intracellularly with the actin cytoskeleton by the dynamic binding of the intracellular cadherin domain to the actin cytoskeleton via molecular complexes consisting of α -catenins (Aberle et al., 1994) , β -catenins (Jou et al., 1995) , p120-catenin (Reynolds et al., 1994) , and other molecular partners ( Figure 1a ). While the molecular basis for the connections between the complex and the actin cytoskeleton is still being defi ned Yamada et al., 2005) , these complexes mechanically couple cadherins with the cytoskeleton, and such coupling is necessary for force transmission through these complexes and across numerous cells. Interestingly, cytoskeletal contractility has been shown to differentially regulate 2 s. c. stapleton et al. adhesion strengthening and disruption, highlighting the importance of this coupling in the dynamic adhesions required for tissue morphogenesis (Conti et al., 2004; Miyake et al., 2006; Shewan et al., 2005; Smutny et al., 2010; Maddugoda et al., 2007; Yamada & Nelson, 2007; Krishnan et al., 2011; Krieg et al., 2008) .
The severe morphogenetic and functional defects caused by disruption of cadherin-mediated junctions are highlighted by a brief look at in vivo studies of the skin and heart. In the heart, N-cadherin junctions form a part of the intercalated disc that mechanically links myocytes together end-to-end and serves as an attachment site for myofi brils spanning adjacent cells (Figure 1b) (Goncharova et al., 1992; Geisler et al., 2010) . Conditional knockout of the N-cadherin gene in the adult mouse heart leads to disruption of the intercalated discs and distorted myofi brils; reduction in the gap junction protein connexin 43; impaired mechanical function; and arrhythmia-induced sudden death (Kostetskii et al., 2005) . Studies have conversely demonstrated the importance of N-cadherin to cytoskeletal maturation of cardiomyocytes, multicellular assembly, and tissue structure in the heart (Radice et al., 1997; Piven et al., 2011) . Cadherins are critical to the assembly and structure of many tissues, including the skin, in which E-cadherin regulates cell -cell adhesions in the epithelial cell sheets (Figure 1c ) (Hirai et al., 1989; Fujita et al., 1992) . Functionally blocking cadherins causes severe defects in skin tissue morphogenesis and organization during development (Hirai et al., 1989) and disrupts actin fi lament cables and coordinated cell migration necessary for wound healing (Danjo & Gipson, 1998) . These studies illustrate the importance of cadherin adhesions in regulating mechanical and structural function of the heart and skin.
Although the requirement of cadherins for tissue formation and maintenance has clearly been demonstrated, it has until recently been diffi cult to characterize how mechanical forces and their propagation through cell -cell junctions contribute to these biological processes. Recent progress in the development of methods to apply and measure forces across cell -cell junctions have highlighted the truly enabling nature of biophysical tools in the investigation of mechanotransduction by cadherin complexes.
Given the close co-dependency between new biophysical tools and our ability to further understand mechanical regulation of cell -cell junctions, this review is structured around the different approaches that have been developed to measure and apply forces to junctions. We will discuss our developing understanding of cadherin-based junctions as both force transmission and transduction structures in the context of the advancing engineering techniques. We begin with methods involving coating cadherins onto surfaces in order to drive single cells to form AJ-like structures across which forces can be measured or applied; then, we examine methods to measure cell -cell forces on cells cultured on a planar surface, and end with methods with the potential for extending force measurements to 3D in vitro culture models.
FORCES BETWEEN IMMOBILIZED CADHERINS AND SINGLE CELLS
The large variety and dynamic nature of adhesions paired with their general inaccessibility to mechanical Force measurement tools to explore cadherin mechanotransduction 3 characterization in vivo make it diffi cult to isolate the effects of forces on specifi c junctions, and consequently, methods to investigate the mechanics of specifi c cellcell adhesion receptors have been slow in development. An important early approach for isolating cadherin binding involved immobilization of dimers of an N-cadherin-Fc chimera (extracellular domain of N-cadherin coupled to IgG Fc fragment) on rigid surfaces (Figure 2a ), which at times allowed the exploration of the effects of cadherin engagement in cells (Lambert et al., 2000) . A natural extension of immobilizing cadherins on a deformable substrate provided the fi rst direct evidence of signifi cant forces transmitted across cadherins (Ganz et al., 2006) . Previously, researchers had developed culture substrates of microfabricated arrays of fl exible, vertical polydimethylsiloxane (PDMS) microneedles on which cells would attach and spread across multiple microneedle tips (Figure 2b ) (Tan et al., 2003) . Forces across these cell -substrate attachments could then be measured by the cell-mediated defl ections in these spring-like needles. Although the technique was originally used to characterize forces at cell -matrix adhesions, culturing cells on such substrates coated with the N-cadherin-Fc chimera allowed one to demonstrate forces exerted at homophilic cadherin adhesions. In this case, C2 myogenic cells were shown to spread and generate forces through cadherin binding comparable in magnitude with cell -ECM adhesions, suggesting that cells are able to transmit forces through these junctions (Figure 2c ) (Ganz et al., 2006) . Two additional studies addressed whether the forces that are transmitted through cadherin adhesions could modulate cellular responses, by examining cells cultured on N-Cadherin-coated polyacrylamide substrates of varying stiffnesses (Figure 2d ) (Chopra et al., 2011; Ladoux et al., 2010) . By varying substrate rigidity, one could modulate the mechanical resistance to deformation by cellular forces applied through AJs, testing the ability of the cells to sense and respond to these forces. Measuring displacement of fl uorescent beads embedded near the surface of the gel before and after lysing of the cell allows for calculation of the traction forces exerted on the substrate surface. In both studies, the cells (C2 mouse myogenic cells and primary cardiac myocytes) responded to changes in substrate rigidity by changing their morphology and cytoskeleton assembly. Both cell types on stiff substrates displayed a highly spread morphology with the formation of large cadherin adhesion complexes and robust stress fi ber assembly. On soft substrates, cells appeared rounded with disorganized and poor actin stress fi ber bundling ( Figure 2e ). Myocytes have been shown to elongate and assemble contractile units (sarcomeres) on ECM-coated fl exible substrates that match in vivo cardiac tissue elasticity (Jacot et al., 2008; Chopra et al., 2012) . A similar change in shape and enhancement of sarcomere assembly was observed on cadherin-coated substrates that matched cardiac tissue elasticity (Chopra et al., 2011) , suggesting that myocytes are able to sense and adapt their cytoskeleton to forces via cell -cell or cell -ECM adhesions. Such responses were lost when cells were treated with blebbistatin, a myosin II inhibitor (Ladoux et al., 2010) , further supporting the notion that mechanical stresses were responsible for the observed changes. These studies provided some of the fi rst evidence that cadherins were not only force transmitters, but were also part of an actomyosin-machinery-reliant mechanotransductive complex through which cells respond to mechanical stimuli.
Both of the studies discussed above utilized polyacrylamide gel substrates for which stiffness can be varied by degree of crosslinking. Of note, recent studies have raised important concerns about whether polyacrylamide gels are in fact a good model for varying mechanical interactions with cells. The change in degree of crosslinking used to vary gel stiffness also modulates the nanoscale pore structure of these gels such that less stiff gels also present fewer sites for immobilizing proteins (Trappmann et al., 2012) . This decreased density of immobilization sites appears to affect how proteins are coupled to the substrate, and in the case of cell -matrix adhesions, the authors found that this decreased density alone can cause changes in cell spreading and adhesions assembly. In Ladoux et al. ' s (2010) study, they recapitulated the stiffness effects using PDMS microneedle substrates in place of polyacrylamide gels. Unlike in gels, stiffness of the microneedle substrate is varied by changing pillar height, reducing the fl exibility of each individual needle. As such, ligand density has no potential dependence on substrate stiffness.
Rather than relying on cell-generated forces on substrates to study mechanotransduction, others have taken a more direct approach by applying forces at junctions using magnetic beads (Wang et al., 1993) . Of note, optical tweezers and atomic force microscopy have been used to measure and apply forces as well but the range of forces is signifi cantly lower (0.1 -100pN and 10pN-10nN, respectively), making this approach generally more attractive for single molecule studies (Baumgartner et al., 2000; Neuman & Nagy, 2008) . In a formative study, Le Duc et al. (2010) covalently bound E-cadherin-Fc chimeras to the surface of magnetic beads, and subsequently incubated these beads with a confl uent monolayer of embryonic carcinoma F9 cells. Applying an oscillatory magnetic fi eld perpendicular to the beads ' magnetic moment rotated the beads on the cell surface to apply a shear force (Figure 2f) . By measuring the displacement of the beads in response to this imposed force, they were able to measure the local stiffness of the cell and reported that cell cytoskeleton stiffened in response to a cyclic (0.3 Hz) force within a minute of force application through cadherin-coated beads. This stiffening response was abrogated in cells treated with blebbistatin to block myosin-mediated contractility, Latrunculin B, or cytochalasin D, to disrupt actin depolymerization and/ or polymerization (Figure 2g ). Cells also did not stiffen when treated with calcium-chelating reagent ethylene glycol tetra acetic acid to disrupt cadherin binding. When cells were treated with hepatocyte growth factor to increase cell contractility, immunofl uorescence staining revealed vinculin recruitment to actin-anchored cadherin adhesions (while localization of the adhesion complex proteins E-cadherin, α -catenin, β -catenin, and p120-catenin did not appear to change with increased contractility). Vinculin recruitment was blocked when cells were treated with blebbistatin, but returned upon rinsing away the contractility inhibitor. Although cell -cell adhesions and matrix adhesions exhibit a similar stiffening and vinculin-recruitment response to forces, some of the molecular players that mediate these responses are likely different. For example, Le Duc et al. (2010) showed cadherin-induced stiffening was only partially inhibited in vinculin knockout cells and did not involve the localization of paxillin at cell -cell contacts, which is important for vinculin recruitment at integrin-mediated focal adhesions (Humphries et al., 2007; Pasapera et al., 2010) . The consequences of such differences are not yet clear, but these early studies suggest that mechanotransduction at AJs may have different functions than at cell -ECM adhesions.
Force measurement tools to explore cadherin mechanotransduction Such applied forces at cadherins not only appear to locally stiffen the cell, but also impact broader cell polarization. Weber et al. (2012) coated beads with C-cadherin-Fc and let these beads bind to individual Xenopus mesendoderm cells. Binding itself had no effect on cell phenotype, but upon application of tensile force to the adhesions through magnetic tweezers, cells polarized and migrated directionally, with protrusions extending away from the direction of bead pulling. Interestingly, plakoglobin, a member of the catenin family that associates classical cadherins with the intermediate fi lament network, was required for the mechantranductive effects seen in this study. Tension across the cell-cell adhesions resulted in localization of plakoglobin to the adhesion site and reorganization of the intermediate fi lament network, suggesting the classical cadherin-actin cytoskeleton connection of adherens junctions is just one of many junctional complexes that may play a role in force sensing.
In addition to force transmission and transduction fi ndings discussed above, studies of single cells with cadherin-coated force-sensing substrates may actually provide some insight into how cells interact with each other. The developmental process of cell sorting that enables tissue morphogenesis has been historically attributed to differential adhesion affi nity, in which cells expressing similar cadherins tend to segregate together (Friedlander et al., 1989) . Explanations for why this segregation occurred, however, remained unclear for some time as it was shown that heterophilic cadherin extracellular domain binding can occur in vitro (Prakasam et al., 2006) and that binding affi nity alone could not always account for the segregation. Using magnetic twisting cytometry to apply forces across cadherins, Tabdili et al. (2012) examined binding affi nity as well as cell cytoskeletal stiffening responses to homophilic and heterophilic cadherin binding. This study tested cadherin binding in four different cell types against N-, E-, C-cadherin-coated beads. Endogenous N-cadherin expressing C2C12 mouse myoblast cells and MDA-MB-435 cells, and E-cadherin expressing MCF7 human breast epithelial cells and Madin-Darby canine kidney (MDCK) cells were tested. In all cell types binding affi nity appeared relatively indifferent from the binding event (homophilic or heterophilic), whereas cell stiffening only occurred when cells were bound to beads through homophilic cadherin binding (e.g. E-cadherin expressing cells stiffened only in response to beads coated with E-cadherin-Fc). Thus, it is possible that mechanotransduction initiated by homophilic and not by heterophilic cadherin binding drives a necessary reinforcement for cells to maintain and stabilize their AJs, and could explain the sorting behavior of cell types.
SPATIAL MICROPATTERNING OF CADHERIN AND INTEGRIN SURFACES
While cells actively bind to each other, they are also in contact with the ECM. A number of studies have explored the possible interplay between integrin and cadherin binding, but only recently such studies have focused on how forces impact that interaction. To test whether rigidity regulates cell binding to substrates coated with either cadherins or fi bronectin, Tsai and Kam (2009) patterned islands of fi bronectin surrounded by immobilized E-cadherin-Fc on PDMS surfaces of varying mechanical properties. While MDCK-epithelial cells were able to form both cadherin-and integrin-mediated adhesions, on stiff surfaces, integrin engagement blocked cadherin binding of MCF-7 (adenocarcinoma cell line) cells. This study suggests a cross-talk between cadherin and integrin adhesions that appears to be mechanically regulated. In another study of epithelial cells plated on alternating patterned lines of E-cadherin-Fc and collagen type IV, Borghi et al. (2010) found that the presence of E-cadherin-Fc decreased, in a concentration-dependent manner, lamellipodia formation throughout the cell as well as biased cell migration. Cells preferentially applied traction forces on the ECM stripes, and in the presence of E-cadherin, the traction stresses on the ECM were anisotropic. Interestingly, concentration and presence of cadherin binding did not affect migration rate of the cells but did infl uence directional bias, and without ECM presence cell migration was absent. A similar rearrangement of ECM-applied traction force directionality was observed in keratinocyte colonies when cell -cell adhesion formation was initiated in the presence of calcium (Mertz et al., 2013) . Such forcedependent cross-talk between cell -cell and cell -ECM adhesion molecules seems to suggest that both physical and biochemical regulatory pathways play a role in coordinating these two systems.
Studies of immobilized cadherin-Fc and, in some cases ECM, on surfaces provided insight into the ability of these adhesions to transmit and transduce force under tightly controlled conditions, but they are limited in capturing the active cell-to-cell aspects of cell -cell adhesions, such as allowing cadherins to move laterally on both cell surfaces, or the mechanics of two cells pulling on each other. To model lateral mobility of cadherins using a substrate, Perez et al. (2005) tethered E-cadherin-Fc molecules through glycosylphosphatidyl inositol to support lipid bilayers. Islands of anchored fi bronectin were patterned into the bilayer. While only 30 -60% of the E-cadherin-Fc proteins were diffusively mobile, without the fi bronectin islands cells could not spread and their ability to cluster the cadherins was diminished. This approach may eventually provide additional insights into the clustering behavior of cadherins, but studies of the forces involved have not yet been reported. As such, much of our most recent understanding of junctional forces is derived from measurements between two attached cells.
FORCES BETWEEN CELLS IN 2D CULTURE
Often gaining insights from cadherin-coated substrate studies, groups have recently employed cell -cell doublets to capture the dynamic complexities of cell -cell adhesions. The dual pipette assay was an early method developed to explore the strength of adhesions formed between two cells. In such an assay, two cells at the end of pipette tips are brought into contact, and then the separation force, or force required to break the junction, is measured (Figure 3a) . Using this assay, Chu et al. (2004) measured the force to separate two E-cadherin transfected murine sarcoma S180 cells, which do not express any endogenous cadherins. After cadherin transfection, cells adhered to each other and E-cadherin and β -catenin localized to adhesion sites. When two E-cadherin-expressing S180 cells were brought into contact, the force required to break the cell -cell adhesion increased rapidly with time over approximately 30 min and then stabilized (around 200nN max separation force). Similar results were obtained using two N-cadherin-expressing S180 cells. However, when one E-cadherin cell was paired with one N-cadherin cell while cells would maintain contact for up to 30 min, the force to separate the cells was undetectable, again supporting Tabdili et al. ' s (2012) conclusion that only homophilic binding appears to lead to adhesion strengthening and stabilization.
To examine the role of the cytoplasmic cadherin complex in this adhesion strengthening, Chu et al. (2004) transfected cells either with E-cadherin constructs that lacked the cytoplasmic domain, and thus the β -catenin-binding domain (Ecad-Δ cyto) or with chimeric E-cadherin-α -catenin (E α MC) also lacking β -catenin-binding site. It appears all cells were able to form adhesions, but that adhesion strengthening occurred in the E α MC and E-cadherin-expressing cell doublets, but not in the Ecad-Δ cyto-expressing cells (Figure 3b ). This fi nding suggests that connection to the actin cytoskeleton is required for adhesion strengthening, but not for initial adhesion formation (characterized as having an approximate 20nN separation force and forming within the fi rst 30 s). Additionally, it appears that the cadherin domain is required for β -catenin coexpression as no such expression was found in either of the cells expressing E-cadherins with cytoplasmic edits. Treatment of cells with actindysregulation drugs Latrunculin B or Jasplakinolide also blocked adhesion strengthening, but not initial adhesion formation, again providing evidence for the link between the cell cytoskeleton and cadherin adhesion dynamics. This study aligns with the important fi nding that α -catenin undergoes a conformational change allowing for vinculin binding and consequently AJ stability and force transmission (Yonemura et al., 2010) . In a related dual pipette study, Thomas et al. (2013) found that overexpression of mutant forms of the α -catenin vinculin-binding domain or depletion of vinculin signifi cantly reduced adhesion strength of S180 cells and that localization of vinculin was dependent on the stretching of, or increasing the force between cells in the assay. Such fi ndings provide evidence that the mechanotransductive properties of cadherin adhesions may be modulated by the cytoplasmic complex through which cadherins are linked to the actin cytoskeleton.
As the dual pipette assay uses cell doublets that are suspended between two micropipettes, it is diffi cult to study the infl uence of cell shape and cell -ECMgenerated forces on cadherin-mediated mechanotransduction, and the separation force reported by this assay does not indicate what levels of force cells normally exert across these junctions. To overcome these issues, Liu et al. (2010) developed a method for calculating the endogenous forces between two cells plated on ECMcoated microneedles (Figure 3c ). They reasoned that the force across the cell -cell adhesion in a cell doublet is equal to the vector sum of cell -matrix traction forces experienced in either of the two cells (which are equal and opposite), described as the cell -cell " tugging force. " This insight allowed them to examine the relationship between cell -cell forces and cell -ECM forces. They found that this tugging force was approximately perpendicular to the plane of endothelial cell -cell adhesion. Importantly, they reported that as tugging forces increased, the size of the cell -cell junction grew, while inhibiting these forces led to AJ disassembly. Using approaches to modulate myosin-mediated contractile forces or by directly pulling on junctions, the authors showed changes in junction size (Figure 3d) . Further, the dynamic response to forces appeared to require Rac-mediated signaling, with Rac being a well-known regulator of actin cytoskeleton organization (Nobes & Hall, 1995) .
Employing a similar approach of deriving tugging forces from traction force measurements, Maruthamuthu et al. (2011) studied randomly coupled epithelial cells on collagen-coated polyacrylamide gels. By separately increasing substrate stiffness and ligand density, they found that cell -ECM forces increased, and the calculated cell -cell forces were a constant fraction of cell -ECM forces. This fi nding suggested a direct link between integrin binding and cadherin binding, providing further support for the notion that both adhesion molecules are mechanically connected via the same actin cytoskeletal networks. Interestingly, in this study, increased junction size was not observed with increased cell -cell forces. A number of differences between the two studies could explain these contrasting responses, including a difference in cell type (endothelial vs. epithelial), cadherin (VE-cadherin vs. E-cadherin), the geometry of the junctions (endothelial junctions were small compared to the cell diameter, whereas epithelial junctions already reached the same width of the cells), and structure of the underlying actin (stress fi bers in endothelial cells vs. cortical actin in epithelia). Using the same approach to study cardiac myocytes, McCain et al. (2012) Force measurement tools to explore cadherin mechanotransduction The force required to break the cell -cell adhesion (SF) between two S180 cells expressing E-cadherin increased over 30 min. Adhesions between S180 cells transfected with an E-cadherin lacking the cytoplasmic domain (Ecad-Δ cyto) did not demonstrate such time-dependent adhesion strengthening (Chu et al., 2004) . (c) Cells on microneedles are constrained to patterned ECM to create a repeatable, straight cell -cell adhesion. Cells exert forces through cell -ECM and cell -cell adhesions. (d) " Tugging " forces across the cell -cell adhesion as well as adhesion size were reduced when endothelial cells were treated with actin contractility inhibitors, Blebbistatin (Blebbi) or Y27632 (Y27) (Liu et al., 2010) . (e) A monolayer of cells suspended between two rods is stretched until cell -cell adhesions are disrupted causing a fi ssure in the monolayer. The force required to cause the monolayer failure is measured. (f) Fluorescent images of a monolayer of MDCK II epithelial cells pre-stretch and during stretch. Top row: cells expressing E-cadherin GFP. Bottom row: cells expressing life-act GFP, an F-actin marker (Harris et al., 2012) . adhesions began to form under the cell -cell contacts and were hypothesized to de-stabilize the cell -cell adhesions. Across all of these studies, the endogenous cell -generated magnitude of forces and stresses across AJs are of the same nanonewton order as those experienced at cell -matrix adhesions. Thus, while these forces are signifi cantly lower than the fracture forces reported using dual pipettes, they suggest that AJs nonetheless experience substantial physiological forces in their homeostatic settings. Studies of single cells on patterned ECM and cadherin substrates provided important fi rst evidence of a force-dependent cross talk between integrin and cadherin-mediated adhesions. However, these studies were unable to explore the dynamic feedback between cell -cell adhesions. Tseng et al. (2012) examined mammary epithelial cell doublet adhesions when seeded on ECM-patterned polyacrylamide gels to explore cellcell adhesions in the context of anisotropic ECMpatterned substrates. They found that cell -cell adhesions remain stable and spatially confi ned to regions that are ECM deprived. Cell -cell junctions positioned close to ECM regions experienced large perpendicular tensional forces that led to destabilization of the cadherin junctions. Interestingly, the relative localization pattern of the two adhesion types was perturbed when cells were exposed to blebbistatin. In support of the single cell fi ndings, this study suggests a role for the mechanical linkage between integrin and cadherin binding that drives cell function, and eventual tissue morphogenesis.
Other studies have attempted to examine cell forces under a more complex environment employing multiple cells. It has been shown that forces across cells within a monolayer differ greatly from those across single pairs of cells (Trepat et al., 2009 ). In their study, Trepat et al. (2009) computed cell -ECM traction forces as well as cell -cell stresses in a migrating sheet of MDCK (strain II) cells on polyacrylamide gels. The authors suggest that collective cell migration is driven purely not by a dragging front of leading cells, nor by individually propelled cells. Instead they fi nd that forces mediated through both cell -ECM and cell -cell adhesions engage in a tug-of-war type relationship to create collective motion. In a separate study employing a suspended 2D sheet of epithelial cells (Figure 3e) , Harris et al. (2012) was able to examine the effects of stretch on monolayer integrity, cell -cell adhesions, and cytoskeletal tension (Figure 3f) . Surprisingly, the average force needed to separate a pair of cells within monolayers was nearly ninefold larger than that measured in pairs of isolated cells. These studies have just begun to reveal the potential differences in cell -cell interactions as a result of culture methods. Thus, we see that the continued extension of our ability to study force in progressively more complex settings is the key to improved understanding of force transmission across cell -cell adhesions.
F Ö RSTER RESONANCE ENERGY TRANSFER (FRET) STUDIES FOR CADHERIN MECHANICS
While studies have provided valuable insight into the potential molecular regulation and makeup of the cadherin -actin complex, much is not understood about how this complex is mechanically regulated. While the engineering techniques mentioned above have begun to shed light on cadherins for mechanotransduction, they lack the ability to characterize the force that is actually experienced within the cadherin complex versus other cell -cell receptors.
To address this, investigators have begun to develop single molecule force sensors. Insertion of a random coiled-coil spring-like sequence separating a FRET pair into a molecule can reveal whether and when that molecule is under tension. This FRET method was applied in integrin force studies (Grashoff et al., 2010) and later adapted for cadherin studies. To explore the cadherin complex under tension in epithelial cell doublets in vitro , Borghi et al. (2012) employed a FRET sensor inserted into the cytoplasmic domain of E-cadherin between the transmembrane domain and the β -catenin binding domain (Figure 4a ). Thus, when the cadherin was under tension, the FRET signal would be undetectable. Borghi et al. found that E-cadherin is under constant tension by the actomyosin cytoskeleton both at cell -cell junctions and throughout the free plasma membrane. Treatment of cells with cytochalasin B or ML-7 (a myosin II inhibitor) resulted in a detectable FRET signal (Figure 4b ). They were also able to show that α -E-catenin (and the α -catenin-binding domain of the cadherin) is required for E-cadherin to carry this tension, supporting the theory that α -catenin provides a mechanical link between the cadherin and the actin cytoskeleton (direct or otherwise e.g. through vinculin). This study provides powerful support for the physical link between cadherins and the actin cytoskeleton and shows that the cadherin -catenin complex is upstream of the mechanotransduction process similar to that observed for integrins.
FRET sensors open up a window of opportunity for studying adhesion tension under a variety of settings. Recently, Conway et al. (2013) employed a FRET VEcadherin in 2D endothelial sheets, and found that VEcadherin was under myosin-dependent tension in static culture. Surprisingly, when shear stress was applied to these cells, tension across VE-cadherin was reduced as was total cell -cell and cell -matrix adhesion tension. Their measurements of tension on non-engaged VE-cadherin were approximately zero, suggesting that perhaps unbound cadherins are disconnected from the actin cytoskeleton and that only their engagement leads to this connection. This fi nding differs partially from the FRET study by Borghi et al., and it raises questions as to the differences between endothelial and epithelial cadherin signaling, 2D sheets of cells versus cell pairs, and study-specifi c analysis techniques. FRET technology provides us the potential to study mechanotransduction in cadherins in a more complex setting as the technology is widely adoptable and adaptable to different settings (e.g . in vitro single cells, monolayers or 3D models, or in vivo ) and molecules (cadherin, β -catenin, α -catenin, etc.) . Thus, advances in FRET application may allow us to understand piece-by-piece how mechanical forces are transmitted within the cell and eventually converted to a biochemical signal. Of note, a limitation of current FRET technology is the inability to determine directionality of the force, as the optical signal only provides evidence of strain within an adhesion complex.
FUTURE STUDIES: ADVANCING CURRENT TECHNOLOGIES TO THREE DIMENSIONAL CULTURE SYSTEMS
We now know that cells plated on planar substrates behave differently than those cultured within 3D hydrogels (Baker & Chen, 2012; Cukierman et al., 2001 ). Cell shape (Beningo et al., 2004) , focal adhesion assembly (Beningo et al., 2004) , migration modes (Friedl, 2004) , and differentiation (Benya & Shaffer, 1982; Huebsch et al., 2010; Khetan et al., 2013) can all be affected by the dimensionality of their extracellular environment. Not surprisingly, cell -cell interactions are also greatly altered depending on the environmental conditions. For example, epithelial cells on 2D surfaces form a sheetlike monolayer while those cultured in 3D arrange into polarized spheroids with a central lumen, similar to the acini structures seen in vivo (Emerman & Pitelka, 1977; Weigelt & Bissell, 2008) . To create a more relevant setting in which to study cell -cell interactions, many 3D in vitro model systems have been developed with tunable ECM, high structural control, and accessibility for imaging. Microtissues of aligned cardiac cells suspended in ECM between fl exible cantilevers allow whole tissue force measurements while cells engage in cell -cell and cell -ECM adhesions in 3D (Figure 4c) (Boudou et al., 2012; Legant et al., 2009) . Three dimensional in vitro angiogenesis models including the bead sprouting assay (Nakatsu et al., 2003) , lumen formation assay (Koh et al., 2008) , and more complex models such as those recently developed by Zheng et al. (2012) and Nguyen et al. (2013) are currently limited in their ability to examine mechanical regulation of vessel homeostasis and the angiogenic process. Another widely used 3D model, the in vitro skin model, has provided an excellent platform to study homophilic and heterophilic cell interactions within a multilayer, structured 3D environment that recapitulates the native setting (Figure 3d ) (Boelsma et al., 2000; Alt-Holland et al., 2008) .
While these systems all provide a setting to explore the importance of cell -cell adhesions in a more-native 3D environment, they lack the ability to measure or apply force at the cellular level. Such systems today are generally confi ned to immunofl uorescence staining or dosing with inhibitors to investigate cell -cell interactions. It is possible that the combination of 3D in vitro models with the emerging force-sensing technologies could allow for cadherin mechanotransduction studies in 3D, providing novel insight into the relationship between individual cell -cell adhesions and larger scale tissue force transmission. As we discussed above, FRET technology holds great potential for application in a variety of systems and cells, and could potentially provide insight into cell -cell force transmission in previously inaccessible 3D in vitro models. Alternatively, traction force microscopy, which provided great early insight into directionality and magnitude of cell -ECM and cell -cell force transmission in 2D, has recently advanced to single cell studies in 3D (Figure 4f ) (Legant et al., 2010; Franck et al., 2011) . This approach involves the seeding of individual cells in defi ned and degradable hydrogels that contain fl uorescent beads. Measurement of the beads ' displacement before and after lysing the encapsulated cell allows for the determination of cellular traction forces exerted on the surrounding matrix. While the method has thus far been established for measuring cell -matrix traction forces, deriving cell -cell tugging forces is likely not far off. Force measurements at cell -cell adhesions in 3D could provide new appreciation of the multicellular mechanics behind tissue morphogenesis.
CONCLUSIONS
Developmental models provided early insight into the role of force propagation in tissue morphogenesis.
More recently, in vitro cell culture paired with force sensing technologies have shown that both cell -ECM and cell -cell adhesions can serve as mechanotransductive complexes. As previous studies have clearly linked mechanical stimulus through ECM adhesions to cell activities including differentiation (Engler et al., 2006) , proliferation (Klein et al., 2009; Paszek et al., 2005) and death (Chen et al., 1997) , it seems likely such stimulus through AJs (or other potentially mechanotransductive cell -cell adhesion complexes such as desmosomes or tight junctions) could drive similar cell responses. Advancements and collaborations in force measurement technology will open doors to the many remaining questions surrounding the cadherin complex. Particularly, of interest is understanding how tension across cadherins is converted into biochemical signals and how such biochemical signaling in turn leads to changes at the adhesion site itself. The cues behind dynamic remodeling and differential strengthening and destabilization of cell -cell adhesions as required by processes such as cell sorting and tissue morphogenesis remain somewhat a mystery. Finally, cross talk between cadherins and integrins has only begun to be appreciated be it through their attachment to the same actin cytoskeleton or force-driven biochemical signaling. It is quite possible that as we advance toward force application and measurement in 3D models new insights into cadherin adhesion remodeling and cross-adhesion signaling will arise. We look forward to the continued progress of a fi eld that in only the last few years has covered so much territory in defi ning cadherins as an important player in mechanotransduction and tissue function.
